The analysis of Serratia liquefaciens MG1 luxAB insertion mutants that are responsive to N-butanoyl-Lhomoserine lactone revealed that expression of lipB is controlled by the swr quorum-sensing system. LipB is part of the Lip exporter, a type I secretion system, which is responsible for the secretion of extracellular lipase, metalloprotease, and S-layer protein.
Serratia liquefaciens MG1 employs a quorum-sensing system, the swr system, to control swarming motility. Swarming of S. liquefaciens MG1 is characterized by differentiation of short motile rods at the periphery of a colony into elongated, polyploid, and hyperflagellated swarm cells that migrate coordinately in rafts atop the agar surface (7, 9) . The swr system relies on two proteins, SwrI, which directs the synthesis of the diffusable signal molecules N-butanoyl-L-homoserine lactone (C4-HSL) and N-hexanoyl-L-homoserine lactone in a molar ratio of 10 to 1, and SwrR, which, after binding of the signal molecules, is thought to activate or repress transcription of target genes (8, 9, 12) . A global analysis by two-dimensional polyacrylamide gel electrophoresis (PAGE) revealed that at least 28 genes are under control of the swr regulatory system (12) .
By transposon mutagenesis, we have recently isolated 19 ЈluxAB insertion mutants of S. liquefaciens MG44 (swrI) that are responsive to the presence of C4-HSL (16) . Only one of these mutants, S. liquefaciens PL10, was unable to form a swarming colony when C4-HSL was provided in the medium. This mutant was demonstrated to bear the insertion in a gene, swrA, which encodes an enzyme that catalyzes the synthesis of the biosurfactant serrawettin W2. This compound, a cyclic lipodepsipentapeptide carrying a 3-hydroxy C 10 fatty acid side chain, lowers the surface tension of the surrounding medium, a process that is indispensable for the development of an S. liquefaciens MG1 swarming colony. The swrA gene appears to be the only gene of the swr regulon that is required for swarming motility, since addition of purified serrawettin W2 to swarm plates fully restores swarming of the swrI mutant MG44 in the absence of C4-HSL. Thus, most of the quorum-sensingregulated genes in S. liquefaciens MG1 are involved in functions not related to swarming motility.
In this report we show that one of the ЈluxAB insertion mutants which is responsive to the addition of C4-HSL bears the transposon insertion within the lipB gene, which encodes a component of the Lip exporter. This type I protein secretion system is responsible for the transport of the S. liquefaciens lipase, metalloprotease, and S-layer protein. As a consequence of the involvement of the swr system in the regulation of lipB expression, the levels of extracellular metalloprotease and Slayer protein are significantly lowered in a swrI mutant. However, the amount of secreted lipase is unchanged. Expression of the lipB gene is quorum sensing regulated. We previously noticed that the S. liquefaciens swrI mutant MG44 exhibits lower proteolytic activity than the wild-type MG1 (8) . This suggests that either the expression or the secretion of the S. liquefaciens MG1 protease(s) is under control of the swr system. To address this issue, we tested the 19 previously isolated mutants that bear ЈluxAB insertions in quorum-sensing-regulated genes for proteolytic activity on 2% (wt/ vol) skim milk plates (14) . One mutant, MG3645, was found to be completely protease negative on our test plates, and this mutant was further investigated. When grown in liquid AB medium (6) supplemented with 0.2% glucose and 0.2% Casamino Acids, this mutant showed an approximately fivefold stimulation of bioluminescence in response to addition of 200 nM C4-HSL (Fig. 1) . The proteolytic activity of the supernatants of cultures of MG1, MG44, and MG3645 grown in the presence or absence of 200 nM C4-HSL was measured as described previously (4) . The extracellular proteolytic activity of the swrI mutant MG44 was about twofold reduced compared with that of the wild type ( Fig. 2A) . Addition of C4-HSL to the culture medium completely restored protease activity. Supernatants of MG3645 cultures showed virtually no protease activity irrespective of the presence or absence of C4-HSL.
To characterize the nature of the transposon insertion in strain MG3645, the mutated locus was cloned. This was accomplished by digesting chromosomal DNA of MG3645 with PmlI, a restriction enzyme that cuts downstream of the ЈluxAB genes of the mini-Tn5 luxAB res-npt-xylE-res element, and ligating the DNA fragments into the cloning vector pUC18Not cut with SmaI. Following transformation of Escherichia coli MT102, a bioluminescent clone was isolated. The recombinant plasmid contains part of the transposon and approximately 10 kb of chromosomal DNA upstream of the transposon insertion point. Nucleotide sequence analysis of the flanking DNA revealed that the transposon had inserted into the lipB gene of S. liquefaciens MG1 (the N-terminal 67 amino acid residues show 100% amino acid identity with the corresponding region of LipB from S. marcescens). LipB belongs to the well-characterized ATP-binding cassette protein superfamily of transporters, which are involved in the import and export of a wide variety of substrates, including antibiotics, sugars, amino acids, peptides and proteins (13) . Together with two other proteins, LipC, a membrane fusion protein, and LipD, an outer membrane protein, it constitutes the Lip exporter of Serratia marcescens (1). This type I secretion apparatus has been demonstrated to utilize C-terminal signal sequences to mediate the secretion of metalloprotease, lipase, and S-layer protein in S. marcescens (1, 2, 15, 22) .
Sequence analysis of the lipB upstream region revealed the presence of the slaA gene, which codes for the S-layer protein (GenBank accession no. AY007218). Interestingly, the same gene organization has been described not only for S. marcescens (15) but also for Caulobacter crescentus (3) and Campylobacter fetus (20) .
Secretion of extracellular metalloprotease is quorum sensing regulated. To further investigate the role of quorum sensing in the regulation of extracellular proteolytic activity, we analyzed supernatants with the aid of zymograms. For that, sodium dodecyl sulfate (SDS)-PAGE of the culture supernatants with 0.2% (wt/vol) azocasein incorporated in the gel matrix (10% polyacrylamide) was performed. The enzymatic activity was visualized by washing the gel two times with 50 mM Tris-HCl (pH 7.5) containing 25% (vol/vol) isopropanol for 15 min, followed by incubation in 50 mM Tris-HCl (pH 7.5) for 1 h at 45°C and destaining with 1 M NaOH. Proteolytic enzyme bands were detected as colorless zones in an orange background. In these zymograms one major band with proteolytic activity was detected with the wild type, and this band was completely missing in the lipB mutant (Fig. 3A) . However, these zymograms do not allow quantitative measurements. In fact, the twofold reduction of protease activity of the swrI mutant was not clearly visible in the zymograms.
To ascertain the identity of the protease, we purified the enzyme from S. liquefaciens MG1 culture supernatant (grown to the stationary phase in Luria-Bertani [LB] medium) by ultrafiltration (Minisette tangential-flow system, 10 K omega membrane; Pall-Filtron), followed by hydrophobic interaction chromatography (Phenyl-Resource column; Pharmacia), and gel filtration (Superdex 200 prep grade; Pharmacia) via Fast protein liquid chromatography. SDS-PAGE analysis of the final pool indicated the presence of a single protein band with a molecular mass of approximately 52 kDa (data not shown).
The N-terminal amino acid sequence of the protease was determined with an Applied Biosystems Procise sequencer. The following N-terminal amino acid sequence was obtained: AAT TGYDAVDDLLHYHERGNGIQINGKDSFSNEQAGLFIT. This sequence is identical to the N-terminal sequence of the PrtA metalloprotease of S. marcescens (17) .
These data support previous results which suggested that in S. liquefaciens MG1 the production of extracellular metalloprotease is controlled by the swr regulatory system (8) and are consistent with the finding that the PrtA metalloprotease is secreted by the Lip exporter in S. marcescens (15, 17) .
Role of the swr system in the secretion of extracellular lipase and S-layer protein. Since the Lip exporter of S. marcescens is responsible not only for the secretion of metalloprotease but also for the secretion of lipase and S-layer protein (15), we next investigated whether the production of the latter proteins is also controlled by the swr system in S. liquefaciens MG1.
Lipase activity was determined by incubating 100 l of culture supernatant with 1 ml of a substrate mixture containing 1 volume of 0.3% (wt/vol) p-nitrophenylpalmitate in isopropanol NOTESand 9 volumes of 0.2% (wt/vol) sodium deoxycholate plus 0.1% (wt/vol) gummi arabicum in 50 mM sodium phosphate buffer (pH 8.0) for 30 min at 37°C (19) . Enzymatic activity was measured photometrically at 410 nm. As shown in Fig. 2B , lipase activities of culture supernatants of the swrI mutant and the wild type were indistinguishable, and the presence or absence of C4-HSL had no effect on the result. As expected, no lipase activity was detected in the culture supernatants of the lipB mutant. We also overlaid renaturated SDS-polyacrylamide gels with the fluorescent substrate methylumbelliferylbutyrate (0.01 M in N,N-dimethylformamide [DMF]) in order to visualize lipase activity (Fig. 3B) . These zymograms confirmed the results of the enzymatic measurements and clearly showed that the S. liquefaciens MG1 lipase is secreted by the Lip exporter. However, inactivation of the swr regulatory system had no effect on the amounts of extracellular lipase.
To determine the effect of the quorum-sensing system on the production of S-layer protein, Western blotting using antisera against SlaA (15) were performed (Fig. 3D) . Cell surface proteins were prepared as described by Kawai et al. (15) and were separated by SDS-PAGE. The proteins were then transferred to an Immobilon P membrane (Qiagen, Hilden, Germany) by electroblotting, and the membrane was overlaid with 1:1,000-diluted SlaA antibodies. S-layer protein bands were detected via horseradisch peroxidase-conjugated anti-rabbit immunoglobulin G and the enhanced chemiluminescence (ECL) system (Amersham Pharmacia Biotech, Uppsala, Sweden). The swrI mutant was found to produce about 10-fold less S-layer protein than the wild type, a defect that could be fully restored by the addition of 200 nM C4-HSL to the culture medium. The mutant MG3645 did not produce any detectable SlaA protein independently of whether C4-HSL was present or not. Thus, production of S-layer protein but not of extracellular lipase is regulated by the swr system in S. liquefaciens MG1.
Processing of the phospholipase by the metalloprotease. The zymograms used for the detection of the lipase showed an additional band with a molecular mass of about 30 kDa. Interestingly, this band was found to be shifted to a higher molecular mass (38 kDa) in the lipB mutant. Since S. liquefaciens MG1 produces an extracellular phospholipase (PhlA) with a molecular mass of about 38 kDa which is known to show some activity with Tween 20 as a substrate (11), we speculated that this band could represent this enzyme. In fact, when polyacrylamide gels were overlaid with egg yolk agar, a substrate that is specific for the phospholipase, the same pattern of bands was detected (Fig. 3C) . In S. liquefaciens MG1 expression and secretion of the phospholipase are coupled to synthesis and export of flagella via the flhDC master regulator (10) . In agreement with phlA being part of the flagellar regulon, we observed that a mutation in neither swrI nor lipB affected the amount of extracellular phospholipase. However, the phospholipase was apparently processed in the wild type and the swrI mutant but not in the lipB mutant. Since the lipB mutant does not produce metalloprotease, we tested whether PhlA is proteolytically processed by this enzyme. When supernatants of the lipB mutant were incubated at 30°C for 1 h with purified metalloprotease, the phospholipase was indeed converted to its processed form (data not shown). The swrI mutant apparently produces sufficient amounts of metalloprotease to process all extracellular phospholipase (Fig. 3C) . Given that both forms of the enzyme exhibit phospholipolytic activity in our assay, the biological relevance of the PhlA processing remains unclear.
Expression of slaA is independent of the swr regulatory system. While our results show that expression of the Lip exporter is under control of the swr system, these data do not exclude the possibility that expression of metalloprotease or S-layer protein itself is swr regulated. Moreover, since slaA is located upstream of the lip operon and is transcribed in the same direction, it is possible that the lip operon is, at least in part, cotranscribed with slaA. To address this issue, we constructed transcriptional fusions of the slaA and lipB promoter regions to the promoterless luxAB genes. The two promoter regions were PCR amplified using the primer pair LipB1 (5Ј-CGCGAAGGATCCACCCGGTCG-3Ј) and LipB2 (5Ј-GTGT GGGATCCGTTGTATTCAGC-3Ј) (BamHI restriction sites are underlined) for P lipB and the primer pair SlaA1 (5Ј-GCT GGATCCGATAAGCTTTACGTC-3Ј) and SlaA2 (5Ј-AAAG GATCCCGGCAACTTCCTTCTGG-3Ј) for P slaA . Following restriction with BamHI, the two DNA fragments (685 bp for P lipB and 733 bp for P slaA ) were inserted into the promoter probe vector pGA-L9 cut with the same enzyme. Plasmids which contain the inserts in the orientation placing the promoters upstream of the promoterless luxAB genes of the vector were chosen, and these constructs were designated pTO1 (P lipB ::luxAB) and pTO21 (P slaA ::luxAB). The plasmids were then transferred to the S. liquefaciens wild-type strain MG1 and the swrI mutant MG44. Measurements of bioluminescence revealed that transcription of slaA is entirely independent of the swr system (Table 1 ). In contrast, transcription of lipB was found to be about threefold reduced in the swrI mutant compared with the wild type, and addition of 200 nM C4-HSL to the growth medium completely restored bioluminescence levels. These data clearly show that expression of lipB but not of slaA is subject to control by the swr system.
Conclusions. The genetic and physiological characterization of a ЈluxAB insertion mutant of S. liquefaciens MG44, which responds to the presence of C4-HSL with increased bioluminescence, revealed that the strain bears the transposon in the lipB gene. This gene encodes an ATP-binding cassette transporter protein that is part of the Lip exporter, a type I secretion system, which is required for the secretion of lipase, metalloprotease, and S-layer protein in both S. marcescens (15) and S. liquefaciens MG1 (this study). Our results are reminiscent of the situation found with Pseudomonas aeruginosa, in which expression of the xcp secretion system was shown to be regulated by the two quorum-sensing systems (the las and rhl systems) that operate in this opportunistic pathogen (5) . Various virulence factors, including exotoxin A, lipase, the LasA and LasB proteases, and phospholipase C, are secreted with the aid of amino-terminal signal sequences of precursor proteins across the inner membrane and then from the periplasmic space via the Xcp translocation machinery across the outer membrane (21) . This two-step secretion mechanism is known as the general or type II secretory pathway (18) .
The results presented here demonstrate that the swr quorum-sensing system of S. liquefaciens MG1 is involved in the regulation of lipBCD expression, whereas it does not affect expression of the S-layer protein SlaA, which is transported by the Lip exporter. We therefore suggest that in the swrI mutant MG44, production of extracellular SlaA and metalloprotease is limited at the secretion step rather than at the level of expression. However, it is puzzling that the amount of extracellular lipase, which is also transported by the Lip exporter (as indicated by the fact that the lipB mutant MG3645 is completely lipase negative), is unchanged in the swrI mutant. At present we hypothesize that the Lip exporter has a higher affinity for the lipase than for the metalloprotease and the S-layer protein and thus that limiting exporter capacity will affect secretion of the latter two proteins but not of the lipase. This model is strongly supported by the findings of Akatsuka et al. (2) , who demonstrated that overexpression of the LipA lipase in S. marcescens greatly reduces production of extracellular metalloprotease, indicating that secretion of the two proteins is competitive.
